The chemokine CXCL10 exerts antiviral effects within the central nervous system (CNS) through the recruitment of virus-specific T cells. However, elevated levels of CXCL10 may induce neuronal apoptosis given its receptor, CXCR3, is expressed by neurons. Using a murine model of West Nile virus (WNV) encephalitis, we determined that WNV-infected neurons express TNF-α, which down-regulates neuronal CXCR3 expression via signaling through TNFR1. Down-regulation of neuronal CXCR3 decreased CXCL10-mediated calcium transients and delayed Caspase 3 activation. Loss of CXCR3 activation, via CXCR3-deficiency or pretreatment with TNF-α prevented neuronal apoptosis during in vitro WNV infection. These results suggest that neuronal TNF-α expression during WNV encephalitis may be an adaptive response to diminish CXCL10-induced death.
Introduction
West Nile virus (WNV), an encephalitic flavivirus that infects mosquitoes, birds and mammals, directly infects neurons and may induce potentially severe neurologic sequelae in humans including encephalitis, paralysis and anterior myelitis (Campbell et al., 2002) . These neuroinvasive forms of WNV infection are characterized both by neuronal death and the infiltration of mononuclear effector cells, whose activities promote both viral clearance and neuronal injury. Thus, neurons may be destroyed by a variety of direct and indirect mechanisms including virus-or cytokine-mediated apoptosis (Ramanathan et al., 2006; Samuel et al., 2007; Yang et al., 2002) and T cell-mediated cytolysis (Bergmann et al., 2004; Lavi and Wang, 1995; Liu et al., 1989; Parra et al., 2000; Rossi et al., 1998 ). Yet, in humans and in animals, recovery from neurologic deficits can and does occur (Binder and Griffin, 2001; Komatsu et al., 1999; Matsubara et al., 2007) , suggesting that neurons must possess adaptive mechanisms to survive during leukocyte-mediated viral clearance so that virus is eliminated without inducing excessive damage. Consistent with this, altered neuronal expression of pro-or anti-apoptotic proteins has been observed to occur in neurotropic viral infections including those caused by herpes simplex and rabies viruses (Carpenter et al., 2008; Lafon, 2008) . Few studies, however, have defined cellular mechanisms that promote neuronal survival during WNV infection despite the demonstration that WNV-infected neurons can be effectively cleared of virus in vivo (Hunsperger and Roehrig, 2006; Shrestha et al., 2006a) .
Although the mechanisms that direct and regulate the inflammatory responses that lead to clearance of WNV from the central nervous system (CNS) are incompletely understood, prior studies have demonstrated that expression of TNF-α (Shrestha et al., 2008) , CD40 (Sitati et al., 2007) , chemokine receptors CCR5 and CXCR3 (Glass et al., 2005; Zhang et al., 2008) and the CXCR3 chemokine ligand, CXCL10 (Klein et al., 2005) are all essential for the antiviral activities of virus-specific CD8+ T cells that lead to viral clearance within the CNS. Of interest, both TNF-α and CXCL10 have also been implicated in pathways involved in neuronal apoptosis. TNF-α is a proinflammatory cytokine produced by macrophages, T and NK cells that exert both neurotoxic and neuroprotective effects in the CNS. TNF-induced neurotoxicity has been observed in models of ischemia (Hallenbeck, 2002) whereas direct neuroprotective effects have been observed via signaling through either of its two receptors, TNFR1 and TNFR2 (Bruce et al., 1996; Cheng et al., 1994; Marchetti et al., 2004) . TNFR1 and TNFR2 signaling leads to activation of the anti-apoptotic transcription factor NF-κB and the Akt-mediated cellular survival pathway, respectively (Fontaine et al., 2002; Furukawa and Mattson, 1998; Tamatani et al., 1999) . Journal of Neuroimmunology 224 (2010) 28-38 
